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INTRODUCTION
Titanium alloys offer a considerable strength/weight and corrosion resistance advantage over many engineering materials. Most mechanical properties are well documented and accepted. However, very little is known about the effects of heat treatment, process variables, and the resultant microstructures on the static fracture toughness properties Ki c and the dynamic fracture toughness properties Kid of titanium alloys in heavy section form such as in the Heavy Lift Helicopter mam rotor drive shaft.
Chait and DeSisto, 1 in a study of the influence of microstructural variables on the fracture toughness of three heavy section titanium alloy extrusions, showed that K Ic values of Ti-6A1-4V are highly dependent on primary alpha morphology. They also showed that an equiaxed microstructure results in higher Kic values than a plate-like microstructure. Adair and Roberson, 2 in a study on small section extrusions of Beta III, found that K Ic values for water-quenched extrusions were slightly lower than air-cooled extrusions at the same yield strength level.
This study deals with the static and dynamic plane strain fracture toughness properties of three 3-inch-diameter titanium alloy extrusions which received an 83% reduction. The alloys studied were Ti-6Al-6V-2Sn, Ti-8Mo-8V-2Fe-3Al, and Till. 5Mo-6Zr-4.5Sn (Beta III). Compact tension specimens were utilized for the static Kic measurements and precracked Charpy V-notch specimens were utilized for the Kid measurements.
MATERIALS
The materials used in this testing program were an alpha + beta alloy Ti-6A1-6V-2Sn and two metastable deep-hardenable beta alloys, Ti-8Mo-8V-2Fe-3Al and Till. 5Mo-6Zr-4.5Sn, which is referred to as Beta III. The chemistries of the three alloys are shown in Table I . The material was procured as 8-inch-diameter forged stock. Since the forging manufacturers did not have the tooling required to extrude an 8-inch-diameter bar, the bars were machined to 7-5/16-inch diameter. The 20-inch-long by 7-5/16-inch-diameter bars were prepared for extrusion by machining a 1/2-inch radius on the leading edge. The bars received an 83*1 reduction to 3-inch diameter. As water quenching facilities were not available, the bars were air cooled after extrusion. The extrusion histories are shown in Table II. The extruded bars were heat treated as shown in Table III . The microstructures obtained after solution treating and aging are shown in Figure I 
TEST PROCEDURE
Threaded 0.252-inch-diameter tension specimens were used to obtain tension data. Three tension specimens were machined from both the longitudinal and transverse orientations. The test specimen layout is shown in Figure 2 . Longitudinal tension specimens were prefixed by A and transverse tension specimens are prefixed by K. Longitudinal and transverse Charpy specimens are identified by L and P. The tension specimens were tested in a 120,000-pound hydraulic tension machine at a platen speed of 0.005 inch/minute to fracture. An extensometer, which was used to obtain yield strength data, was removed after an offset of 0.2 percent was reached. After the extensometer was removed a device 3 positioned on th«s upper shoulder of the tension specimen was used to obtain diameter measurements for true stress-strain calculations. True stress at maximum load and fracture and the strain hardening exponent n were obtained from logarithmic plots of true stress and true strain.
Plane strain fracture toughness data Ki c were obtained from 3/4-inch-thick compact tension specimens which were machined in the transverse orientation. This designation and the test procedure conformed to that specified in ASTM E399-72. Typical crack fronts, which are thumbnail in appearance, are shown in Figure 3 . Because it is almost impossible to obtain straight crack fronts in solutiontreated-and-aged titanium alloys, the data are considered valid.
Plane strain dynamic fracture toughness data Kid were obtained by testing precracked standard 0.394 * 0.394-inch Charpy V-notched specimens in a computerized impact testing system. 1 * Data were obtained at a hammer velocity of 17 feet per second. Charpy specimens, which were machined in both the longitudinal (L-R) and transverse (C-R) orientations, were precracked in a ManLabs Charpy fatigue precracking machine. In addition, a ManLabs slow bend tester was used to obtain slow bend data from precracked Charpy specimens. The specimens were tested at a head speed of 0.025 inch per minute.
RESULTS AND DISCUSSION
Tensile Properties
The tensile properties obtained are shown in Table IV . It is noted that the longitudinal properties of the Ti-6Al-6V-2Sn and Beta III alloys are higher at the outer wall location than the core location. The higher tensile properties of Ti6Al-6V-2Sn material at the outer wall location is characteristic of the alloy and is attributed to its poor hardenability in large section sizes. This trend, however, was not expected for the deep-hardenable Beta III alloy. A high degree of tensile anisotropy existed in the Beta III extrusion. The transverse midwall yield and ultimate tensile strengths were 21 and 17 ksi higher than the longitudinal properties. True stress at fracture, however, was not affected by specimen orientation. The strain hardening exponent n of the transverse core specimens was approximately 50 percent lower than the longitudinal specimens. An anomalous behavior in tensile properties was observed for the Ti-8Mo-8V-2Fe-3Al material. The tensile properties at the outer wall location are lower than at the core location. The abnormally low longitudinal tensile properties of the Ti-8Mo-8V-2Fe-3Al alloy at the outer location also occurred on 3-inch-diameter bars of the The orientation of the compact tension specimen is such that the fatigue precrack terminates at the center of the 3-inch bar. Therefore, only transverse tensile core properties are of importance in the fracture toughness evaluation. Detailed comparison of tensile properties is part of another study and will be reported in a future publication. 
Fracture Toughness Properties
Ti-6Al-6V-2Sn
The alpha + beta alloy Ti-6Al-6V-2Sn was overaged at 1250 F (STOA condition). Transverse yield strength at the core of the extruded section was the same as that previously obtained in tests of a cylindrical 8-3/4-inch O.D. x 2-3/4-inch I.D. extrusion aged at 1300 F.
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The low yield strength of the 3-inch extrusion at the 1250 F aging temperature was due to the difference in oxygen content, 0.13 percent for the 3-inch extrusion and 0.16 percent for the cylindrical hollow extrusion.
The Kic values obtained for the STOA condition showed very little variation, 52 to 54,5 ksi/in.. Table V . These values, while high, were considerably lower than the 64 to 73.5 ksi/in. values reported for 8-3/4-inch O.D. cylindrical hollow extrusions with a 3-inch wall thickness.
The increased toughness of the cylindrical extrusion is attributed to the equiaxed primary alpha microstructure which has been shown to enhance fracture toughness.
The rather large shear lips evident on the fractured surface shown in Figure 3 is further evidence of the high toughness of the alloy.
Dynamic fracture toughness values Kid obtained from precracked Charpy Vnotch specimens are shown in Table VI . Maximum load obtained from the load-time trace was used in the ASTM E399-72 three-point bend equation to calculate KIJ. The maximum load, however, was not corrected for inertial effects. Kjd values of 44.4 and 45.5 ksi/in. obtained on transverse specimens were considerably lower than the 52 to 54.5 ksi/in, obtained on compact tension specimens. The low KIJ/ Ki c ratio of 0,84 is an indication of the moderately high strain rate sensitivity of the Ti-6Al-6V-2Sn alloy. Because of the low 2.5 (Ki c /ay) ? size requirement, 0,332 to 0.365 inch (Table V) , Ki c measurements were obtained from precracked Charpy V-notched specimens tested in three-point bending. The value of 47.0 ksi/in7 shown in Table VII is reasonably close to the static Ki c value and indicates that slow bend testing can be used for screening purposes.
Ti-8Mo-8V-2Fe-3Al
A previous study 1 on the same heat of Ti-8Mo-8V-2Fe-3Al showed that for like heat treatment conditions, a wide range of toughness values and tensile ductility properties were obtained on a 3-inch-diameter press forging and an 8-3/4-inch CD. cylindrical hollow extrusion with a 3-inch wall thickness. (Table  V) agree quite well with those obtained on the 3-inch-diameter press forging. The yield strength of 155 ksi, however, is considerably lower than the 175 to 180 ksi expected for the solution treating and aging temperatures used. The lower yield strength, however, did not result in improved fracture toughness values. The fracture appearance of the specimen shown in Figure 3 , flat fracture, with no evidence of shear lip formation is consistent with the low Ki c values obtained.
A review of the processing histories of the press forgings and the two extrusions revealed that in addition to lower reduction ratio of the hollow extrusion the only major difference was that the cylindrical hollow extrusion was water quenched following extrusion. Adair and Roberson 2 have shown that water quenching Beta III immediately followii g extrusion results in a retention of a significant amount of the dislocation structure produced during extrusion. The retained dislocation structure thus promotes the formation of a fine distribution of the alpha phase during aging. However, they also showed that the Ki c values of water-quenched extrusions were somewhat lower than air-cooled extrusions at the same yeild strength level. Clearly, additional effort is needed in this area to resolve the differences in toughness values obtained on the same heat of Ti-8Mo-8V-2Fe-3Al.
The dynamic fracture toughness KJJ values shown in Table VI Ti-ll.5Mo-6Zr-4.5Sn (Beta III)
The Kj c values of the Beta III alloy, which ranged from 53.2 to 56.8 ksi/in., were the highest values obtained in the study. Table V . The density of the Beta III alloy, 0.183 lb/in.
3 , was the highest of the three alloys studied. Normalizing the toughness data for density did not change the rank of the Beta III alloy. 
